The gate-tunable wide-band absorption of graphene makes it suitable for light modulation from terahertz to visible light. The realization of graphene-based modulators, however, faces challenges connected with graphene's low absorption and the high electric fields necessary to change graphene's optical conductivity. Here we demonstrate a solid state supercapacitor effect with the high-k dielectric hafnium oxide that allows modulation from the near-infrared to shorter wavelengths close to the visible spectrum with remarkably low voltages (~3 V).
Graphene, with only one atom thickness, has a relatively large 2.3% absorption which is constant from the mid infrared to the visible. [1] This absorption originates from interband transitions and can be switched on and off by a shift in the Fermi level below which Pauli blocking occurs. [2] The shift in Fermi level can be controlled by electric field gating, making graphene particularly attractive for electro-optical modulators. [3] However, the absorption of a single layer of graphene is too weak for most applications. Fortunately, there are several ways to deal with this problem, [4] for example by using structured graphene stacks, [5] implementing smart photonic structures, [6, 7] or using hybrid graphene-plasmonic devices. [8] Fast optical modulators have been demonstrated where graphene was used to modulate light in a waveguide. [9] In such cases, light interacts with graphene not in a single pass through the atom thick layer, but over a long distance in the graphene plane. In contrast, less progress has been made for optical modulators working with free-space beams in the near infrared or visible spectrum. A fast but weak modulator based on a reflective structure with a quarterwave separator has been demonstrated [10] and applied for intracavity stabilization of a frequency comb mode-locked laser. [11] Others have used high refractive index contrast gratings. [12] On the other hand, numerical simulations have predicted modulation depths approaching unity with low insertion loses in resonant structures formed with multilayer dielectric mirrors. [13] One crucial aspect of graphene-based modulators is the choice of the separator dielectric.
Indeed, the electric fields necessary to produce a change in graphene's absorption at wavelengths shorter than 2 µm are at the limit for dielectric breakdown of most materials.
The modulation of the optical properties of graphene in the near infrared (1.5µm) requires high quality dielectrics, normally very thin layers (~10 nm) grown by atomic layer deposition (ALD), or ionic liquids. At shorter wavelengths the challenge is even bigger, and only ionic liquids have been demonstrated down to visible wavelengths. [14, 15] However, ionic liquids tend to have a slow speed of response and may not be suitable for some device structures.
Here we demonstrate that hafnium oxide deposited by electron beam evaporation allows gating graphene with surprisingly low voltages from the near infrared to wavelengths approaching the visible range. Our electro-absorption modulators are based on a Fabry-Perot geometry. Multiple reflections inside the optical cavity enhance the light-graphene interaction, thereby amplifying the modulation effect. Instead of the complex multilayer Bragg reflector mirrors used for graphene-based photodetection, [7] we have opted for thin metal mirrors on both sides which show a good optical performance at the target wavelengths and also serve to provide two separate electrical gates. The observed electrochemical effect allows gating graphene with low voltages independently of the dielectric thickness, which can be adjusted to obtain a resonance at the desired wavelength.
The typical device design (Figure 1 ) consists of two metal electrodes that simultaneously act as electrical gates and the optical reflectors of the Fabry-Perot cavity. A graphene active layer is embedded at the center of the cavity and electrically contacted at the edges. The dielectric (hafnium oxide) has a thickness D both above and below graphene corresponding to approximately λ/4n, where λ is the operation wavelength of the modulator and n the refractive index. Thin layers of copper, gold or silver were used as semi-transparent electrodes in different devices. In general, these devices can work both in transmission and reflection, but they can be optimized to work only in reflection with a thicker bottom gate.
Firstly we studied a simple modulator with a graphene/dielectric/metal structure, as shown in the inset in Figure 2a Information for calculation details). We also found that the electrical resistance of graphene showed variations at gate voltages that were much smaller than expected for the experimental oxide thickness (Figure 2b ). Moreover, a negative hysteresis was observed. Most dielectrics used for graphene field effect transistors (FET) tend to show a positive hysteresis, which means that mobile ions or dipoles are effectively screening the applied electric field. [16] The negative hysteresis means that in this case the electric field that affects graphene is amplified.
These results are similar to the effect of an electrical double layer.
To elucidate the properties of the hafnium oxide layer, we studied the dynamics of the gating effect. In this case, the optical measurements were performed with a white light source and a near infrared spectrometer. Figure 2e shows how the reflectance and the electrical resistance of graphene change with jumps of the gate voltage in a similar graphene/dielectric/metal structure with 85 nm thick oxide. Due to the reduced oxide thickness, the measured wavelengths are far from the resonance, which makes the modulation weaker. When we switch the gate voltage from the charge neutrality point (1 V) to -1.8 V we observe an increase in the reflectivity that takes place in a quite slow (~10 seconds) time scale. When the gate voltage is taken back to 1 V the reflectivity quickly goes back to the initial value. The return was faster than the time resolution of our measurements (<20 ms). This behavior suggests that we have two different time scales in the response to the applied gating voltage.
One is slow, corresponding to the large capacitance provided by the electrical double layerlike effect. And the other one is extremely fast, corresponding to a smaller capacitance in parallel that we presume is related to the plane parallel capacitor with dielectric thickness approximately equal to the actual thickness of the hafnium oxide layer (see Supporting Information). The striking difference in the rise and decay times can be easily understood through the dependence of the device reflectance on the Fermi energy of graphene. Small changes in the Fermi energy around the charge neutrality point will not affect the optical properties in the near infrared. However, the changes around the energy levels close to the Pauli blocking will have an effect on the absorption at the tested wavelengths. When the change in Fermi energy produced by a gate voltage change has a fast initial response, followed by a slower one, it will be the latter which affects the rise in the reflectance but the initial fast contribution which dictates the decay. In contrast, the resistance of graphene is more strongly influenced by gating when the Fermi energy is close to the charge neutrality point. The slow component of the time response is comparable to other electrolyte gated devices. [15, 17] To check the behavior of the slow response with temperature, we measured the electrical properties of graphene using a cryostat partially evacuated with a rotary pump (Figure 2f ).
Similar results were also obtained in a nitrogen atmosphere. For the sake of clarity, only the positive direction of the voltage sweeps (0.083 V/s) are presented, along with the positive values of the current on a logarithmic scale. As the temperature is reduced, the charge neutrality point in the resistance curves is shifted towards increasingly positive voltages, and the width of the peak is broadened. The gate current is also significantly reduced at lower temperatures. All this corresponds to an increase in the effective thickness of the separator layer, which is explained by a lower ionic mobility in the hafnium oxide.
We briefly consider a physical mechanism for the observed "supercapacitance" effect. It is known that oxides can conduct electricity in strong electric fields [18] or due to nonstoichiometry. [19] More specifically, it has been found that hafnium oxide also conducts in strong electric fields [20] and its ionic mobility has been studied for memristor devices. [21] Hence, we suggest that the application of the electric field to hafnium oxide leads to an ionic current which produces an electric double layer near the graphene surface. The exact nature of the double layer is not clear at the moment, but its thickness could be connected to the roughness of the oxide layer as the atomic force microscope (AFM) measurement in the Supporting Information reveals. The situation is complicated by the fact that light illumination could introduce photoinduced doping in atomic heterostructures [22] and hafnium oxide could show ferroelectric characteristics [23] .
The ~7% modulation depth of the quarter-wave separator structure (Figure 2c ), although already significantly higher than the single pass absorption in graphene, can be improved further. To increase the modulation depth, a Fabry-Perot resonator was completed by adding another quarter-wave separator and a partially transmitting mirror on the top of the structure.
In this structure, graphene is completely encapsulated, which demonstrates that the supercapacitance effect is independent of the contact with the atmosphere. Additionally, the (Figure 3b ). We would like to note that the refractive index of metals such as copper or silver is highly dependent on the deposition conditions. Simulations using the refractive index reported in the literature for optimized processes yield modulation depths of more than 90% for the same shifts of the Fermi energy (see Figure S1 ). On the other hand, the evaporation of hafnium oxide can produce a non-stoichiometric film with a small absorption that can strongly decrease the effect of the graphene modulation due to the effect of the cavity. Thus an optimization of the materials and processes could lead to much improved modulation depths. The results from another device operating around 1.1 µm wavelength both in transmission and in reflection are shown in Figures 3c and 3d . In this case, the hafnium oxide thickness was D = 100 nm, the top gate gold (d1 = 30 nm) and the bottom gate copper (d2 = 30 nm). In reflection, the insertion loses are close to 50% and the modulation depth 13%. In transmission, the insertion losses grow to 90% but the modulation depth also grows to 28%. Finally, properties of a device operating around 830 nm are represented in Figures 3e-g. The hafnium oxide thickness was D = 70 nm and both gates were made out of 30 nm thick silver. In the devices operating in transmission, the Fabry-Perot cavity acts as a band pass filter. When illuminated with white light, all the light in the transmission band is modulated. Thus, in this device, it was possible to observe the modulation in images taken with a silicon charge-coupled device (CCD) sensor using broadband illumination.
As described above, our devices display two distinct time scales: they reach a stable state in seconds but they also have an extremely fast initial response. We investigated the response to high frequency signals (using the device from Figure 3a ) by applying a 1 MHz sinusoidal signal to the gate and measuring the reflectance of a laser diode beam of 1571 nm wavelength (Figure 4a ). The device reflectance followed the 1 MHz signal, although the voltages required to achieve strong modulation depth are higher than in the slow measurements. On the other hand, no damage was observed in the device after such voltages are applied at high frequency. The modulated optical output changes from a 180° phase-shifted signal at 0 V offset to a double frequency signal at -0.6 V and to a signal with much bigger amplitude and the same phase as the excitation voltage at -1.2 V offset. The modulation depth reached 40%
in this latter case. The fast rise and decay in the modulation obtained with a square signal of 14 V peak-to-peak and -0.9 V offset (Figure 4b ) demonstrates that the speed of response of the device can in fact be much higher and we were only limited by our measurement system.
In Figure 4c we show the reflectance curve obtained with slow changes of the gate voltage.
Superposed onto the experimental results, we also present the numerical simulation of the reflectance at the estimated Fermi energy. If we compare the traces in Figure 4a with the reflectance curve in Figure 4c it becomes evident why the gate voltage offset is a determining factor for the modulation. At 0 V offset, the modulation happens around 0.3 eV, with the negative slope of the reflectance curve giving the 180° phase shift. At -0.6 V offset, the modulation happens around the peak in the reflectance curve at 0.4 eV, producing the double frequency response. Finally, at -1.2 V offset the modulation happens in the positive and steeper slope which yields the strongest modulation. To show that our devices can operate close to the visible region, the modulation of a white light source by the device of Figure 3c is shown in Figure 4d . The electrical signal applied was a 2 Hz sinusoidal function with 8 V peak-to-peak and 0 V offset. The modulation in this case primarily arises from the slow mechanism, with the double frequency asymmetric response stemming from the alternating movement of the Fermi energy to both sides of the charge neutrality point.
The Fabry-Perot geometry with metallic mirrors and hafnium oxide separators allowed us to build efficient graphene-based electro-absorption modulators. By harnessing the supercapacitor effect found in hafnium oxide, we have created optical modulators working at small voltages and at wavelengths approaching the visible. Although the strong modulation response observed with small gate voltages is relatively slow, as it happens also with other electrolyte gated devices, it can be used to shift the Fermi level close to the desired energy range with a DC voltage. The plane parallel capacitor structure then allows the modulation at higher frequencies. In principle, the device area can be reduced down to a diffraction limited laser spot, which would reduce the high frequency capacitance and allow extremely high operation speed. With additional optimization, our devices should also be able to modulate light at visible frequencies.
Experimental Section
Device fabrication: The typical device fabrication starts with the deposition by e-beam evaporation of the bottom electrode on a quartz substrate using a shadow mask. 1 nm of Cr is deposited first for better adhesion followed by the required thickness of Cu, Ag or Au. 
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Supporting Information is available from the Wiley Online Library or from the author. 
